Although clinical and laboratory evidence support roles for both staphylococcal infection and environmental allergens in the pathogenesis of atopic dermatitis, human studies have largely considered these variables independently. We sought to test the hypothesis that staphylococcal superantigen influences the allergen-specific T cell response. We first mapped a Der p 1 epitope and used HLA DRB1*1501 class II tetramer-based cell sorted populations to show that specific CD4 ؉ T cells were able to recognize the peptide presented by HLA DR-matched keratinocytes. We observed that staphylococcal enterotoxin B (SEB) enhanced the IL-4 Der p 1-specific T cell response. This response was mediated by two synergistic mechanisms: first, SEB-induced IFN-␥ promoted class II and intercellular adhesion molecule-1 expression by presenting keratinocytes; and second, SEB-induced IL-4 directly amplified allergen-specific CD4 ؉ T cell production of many cytokines. We propose that handling of staphylococcal infection is a critical step in the amplification of the allergen-specific T cell response, linking two common disease associations and with implications for the prevention and treatment of atopic disease.
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T
here is convincing evidence that allergic reactivity to environmental challenge has a role in the pathogenesis of atopic dermatitis (AD). For example, the histology of AD shares many features with classic allergic contact delayed-type hypersensitivity, including spongiosis and a dominant T cell inflammatory infiltrate that is distributed predominantly in a dermal, and to a lesser extent epidermal pattern. Approximately 80% of individuals with AD have circulating specific IgE recognizing one or more of house dust mite, cat, dog, grass, and other ubiquitous environmental allergens (1) . In many studies, allergen-specific CD4 ϩ and CD8 ϩ T cells have been documented to be present in the peripheral blood and lesional skin of affected individuals and to produce diverse cytokines but with a frequent T helper 2 (Th2) dominance (2, 3) . House dust mite extract application to the skin of individuals with AD can reproduce eczematous changes (4, 5) , and allergen avoidance has been shown by some to be partially effective (6, 7) . Keratinocytes have been shown to up-regulate HLA class II and intercellular adhesion molecule-1 (ICAM-1) in AD and other inflammatory dermatoses (8, 9) and also in response to injection of IFN-␥ into normal skin (10) . However, in isolation, allergic reactivity to an environmental challenge does not explain all of the features of AD. Twenty percent of affected individuals do not generate IgE responses to such ubiquitous proteins, and it is unclear why disease incidence changes during age and between different geographical regions. The risk of disease is clearly influenced by genetic susceptibility factors, some of which affect the immune response, e.g., polymorphisms of the FcR1 and IL-4R genes (11) (12) (13) . However, it is becoming increasingly clear from the genetic studies that skin-specific genes, determining variables such as barrier function and innate immunity, might be primary events (14, 15) with Th2-biased immune responses perhaps being secondary.
There is also strong evidence supporting a role for Staphylococcus aureus infection in the pathogenesis of AD. Most affected individuals have S. aureus identifiable on skin swabs, often at very high density and more often present on lesional than nonlesional skin (16) . Furthermore, S. aureus present on the skin of atopics is significantly more likely to express superantigen, and indeed the levels correlate with disease severity (17) (18) (19) . Keratinocytes have been shown to up-regulate HLA class II and ICAM-1 after the application of staphylococcal superantigen to the skin (20) . Lower levels of IgG2 antibody to S. aureus superantigen have been associated with more severe disease (21) . In contrast, the histology of AD shares few features with active S. aureus infection, and staphylococcal infection of the skin of nonatopics does not usually produce an eczematous reaction. S. aureus can be isolated from the nonlesional skin of atopics, and short-term antibiotic treatment has not been convincingly shown to modify chronic AD. Therefore, although superantigen-producing S. aureus is an important associated feature of clinical AD, its presence does not explain all aspects of the disease.
We reasoned that inappropriate handling of S. aureus might influence the allergen-specific immune response. To our knowledge, there are no human data suggesting an interaction between these variables. Staphylococcal superantigen has been documented to reduce regulatory T cell activity in humans (22) and to confer T cell steroid resistance (23) , but these studies have not examined the influence of superantigen on allergen-specific T cell responses. A murine study showed that combined staphylococcal enterotoxin B (SEB) and ovalbumin application to the skin increased ovalbumin-specific IgE, but again the role of specific T cells has not been addressed (24) . Using house dust mite-derived Der p 1 as the model allergen, we sought to test the hypothesis that S. aureus superantigen influences the allergenspecific T cell response.
Results
Identification of Der p 1-Specific T Cells. To test our hypothesis, we first had to characterize the immunogenic regions of a common allergen. To determine the breadth of responses to potential epitopes within the Der p 1 protein, cells derived from patients and controls were tested by ELISpot to overlapping peptides (20 aa in length) from the mature protein. To examine the cytokine polarization of antigen-specific T cells, we compared the IFN-␥ and IL-4 responses to these peptides by using cultured ELISpot. Although some (40%) nonatopic individuals did demonstrate positive responses to Der p 1 peptides ( Fig. 1 a and b) , they were predominantly mediated through production of IFN-␥. Atopics demonstrated significantly more frequent (P ϭ 0.0006) and stronger (P Ͻ 0.0001) IL-4 responses compared with nonatopic controls (Fig. 1 c and d) . Eighty-five percent of atopics responded to at least one Der p 1-derived peptide through production of IL-4. Responses to individual peptides frequently showed both IFN-␥ and IL-4 responses but in certain individuals were preferentially IL-4 or IFN-␥. Antigen-specific responses were recorded for 20 of 22 overlapping peptides, correlating to multiple potential T cell epitopes arising throughout the mature protein. CD8 ϩ T cell depletion confirmed that these responses were largely mediated by CD4 ϩ T cells. Fig. 5 ). Serial truncation of the 20 aa peptide showed the optimal epitope to be AVNIVGYSNAQGVDY (SI Fig. 5 ). We proceeded to use HLA DRB1*1501 tetrameric complexes based on the Der p 1 peptide to facilitate the derivation of antigen-specific CD4 ϩ T cells. We were able to generate large numbers of tetramer-binding cells after short-term incubation of peripheral blood mononuclear cells (PBMCs) from atopics in the presence of specific peptide or recombinant Der p 1 protein (Fig. 2a ). Fig. 2b shows the tetramer staining (97.06% positive) of one tetramer-sorted cell population derived from a single tetramer-positive cell, which was shown to express V␤22 (Fig. 2c) . Overall, these data confirm that Der p 1 is a common immunogen in individuals with AD and that it is possible to map optimal CD4 ϩ T cell epitopes. Having identified a dominant epitope within Der p 1, we were able to proceed to test our hypothesis that superantigen influences allergen-specific immunity.
SEB Enhances the IL-4 Der p 1-Specific T Cell Response.
Using DRB1*1501-expressing keratinocytes to present the cognate antigen to Der p 1-specific T cells, we showed that untreated keratinocytes present peptide relatively poorly to antigenspecific CD4 ϩ T cells (Fig. 3a) . However, if the keratinocytes were first incubated overnight with the supernatant from SEBstimulated PBMCs, there was a dramatic increase in the ability of the keratinocytes to present antigen to allergen-specific CD4 ϩ T cells (Fig. 3a) . Thus, it is possible that a factor(s) present within the supernatant of SEB-stimulated PBMCs enhanced the capacity of keratinocytes to present antigen to CD4 ϩ T cells. HLA-mismatched DR15-negative PBMCs were used to allow exclusion of any carryover of other cells with the potential capacity to present antigen to the DR15-restricted T cells (Fig.  3a) . No enhancement occurred with mismatched PBMCs alone or from SEB alone, thus excluding any potential direct effect of SEB on the allergen-specific CD4 ϩ T cells (Fig. 3a) . The enhancement occurred when we used PBMCs derived from either atopic or nonatopic individuals and therefore were not dependent on differential SEB reactivity of atopic PBMCs. The keratinocytes did not express CD80/86 and were not able to prime new T cell responses. Overall, these findings suggested that within the peptide-specific T cell line, few of the cells were SEB-reactive and that the enhancement was caused by soluble factor(s) derived from SEB stimulation of the PBMCs. However, to confirm that this theory was indeed the case, we generated a number of Der p 1-specific CD4 ϩ T cell clones by using tetramer-guided cell sorting to obtain a purified clonal population that we could be confident was SEB-nonreactive. Of the several clones generated, we observed that one clone (clone 14) expressed V␤ 7 [ImMunoGeneTics database entry BV4-1 (refs. 25 and 26) ] which is SEB-nonreactive in humans (27) . We then proceeded to use ELISpot to investigate whether clone 14 was able to recognize peptide-pulsed keratinocytes after the latter had been incubated with the supernatant from SEB-stimulated PBMCs, and we showed that this theory was the case (Fig. 3a) . Overall, these findings documented that factor(s) produced from SEB interaction with PBMCs promoted the antigen-presenting capacity of keratinocytes. Using ELISpot, we showed that SEB stimulation of PBMCs could induce production of both IFN-␥ and IL-4 (mean 2,577 Ϯ 765 and 808 Ϯ 186 cytokine-producing cells per million PBMCs respectively). We therefore hypothesized that IFN-␥ or IL-4 may have contributed to the enhanced presentation effect, and we proceeded to address this question and the underlying mechanisms.
SEB-Induced IFN-␥ Enhances Class II and ICAM-1 Expression by Keratinocytes, Resulting in Increased Antigen Presentation to T Cells.
Incubation of the keratinocytes with the supernatant derived from SEB and PBMCs resulted in significant enhancement of the class II and ICAM-1 expression by the keratinocytes (Fig. 3) . Removal of IFN-␥ from the supernatant inhibited up-regulation of class II and ICAM-1 and resulted in loss of the enhanced presentation (Fig. 3) . Furthermore, the increase in class II and ICAM-1 expression could be replicated by the addition of IFN-␥ (300 units/ml) overnight to both HaCat cultured keratinocytes and primary keratinocytes and resulted in significantly (P Ͻ 0.01) increased presentation to T cells (SI Fig. 6 ). These data show that SEB-induced IFN-␥ promotes antigen presentation by keratinocytes, which associates with induction of class II and ICAM-1 expression. Thus, SEB not only directly stimulates the SEB-reactive T cells within a given population but also has the capacity to enhance epithelial antigen presentation to all CD4 ϩ T cells regardless of whether they carry SEB-reactive TCR.
SEB-Induced IL-4 Further Amplifies Th2
Cytokine Production. We reasoned that IL-4 produced by both SEB-reactive and allergenreactive T cells within a mixed-T cell population may promote further amplification of Th2 cytokine production, and we set out to test this possibility.
We used p18-specific polyclonal T cell lines derived from six individuals and found that combined SEB and peptide stimulation led to significantly enhanced production of IL-4 compared with the sum of each stimulant alone (Fig. 4a) . This finding suggested that within a mixed-T cell population, including both SEB-reactive and peptide-reactive T cells, combined stimulation leads to synergistic production of IL-4. We used two approaches to investigate whether IL-4 itself was central to this Th2 amplification. We first undertook analysis of the supernatant of the peptide-stimulated polyclonal T cell line and showed broad cytokine production including both Th1 and Th2 cytokines (Fig.  4b) . We repeated the experiment in conditions that would sequester IL-4 (IL-4 low ) from the supernatant as it was produced. In IL-4 low conditions, the production of many cytokines was significantly reduced (Fig. 4c) . To confirm these findings, we tested whether IL-4 receptor inhibition would affect IL-4 production because Th2 cells are known to express the IL-4 receptor (28) . In conditions of a blocking IL-4 receptor antibody, T cells produced significantly less IL-4 when stimulated with combined SEB and peptide (Fig. 4d) . We showed no influence of IL-4 depletion on cell growth during the overnight assay and confirmed that there was no difference in annexin-V expression (SI Fig. 7) . Overall, these data showed that IL-4 produced by SEB-reactive and peptide-reactive T cells promotes the further production of IL-4 and many other cytokines. Thus again, SEB not only directly stimulates the SEB-reactive T cells within a given population but also has the capacity to enhance IL-4 production indirectly by all Th2 cells within a given population regardless of whether they carry SEB-reactive TCR or not.
Overall, SEB acts beyond just the stimulation of the SEBreactive T cells within a mixed population of cells and will provide a far greater adjuvant effect through both enhancing epithelial presentation of antigen and by providing amplification to existing Th2 cells at an inflammatory site.
Discussion
Having first identified a CD4
ϩ T cell epitope within Der p 1, we have shown that S. aureus enterotoxin B superantigen is a potent adjuvant for human allergen-specific Th2 responses through production of IL-4 and IFN-␥. We have documented that Der p 1 epitope-specific T cell production of Th2 cytokines is enhanced by SEB-induced IFN-␥ and IL-4. The IFN-␥ promotes class II and ICAM-1 expression by epithelial cells, which facilitates presentation of antigen to CD4 ϩ T cells. In addition, the SEB-induced IL-4 further amplifies the production of many cytokines by allergen-specific CD4 ϩ T cells. Both of these pathways combine to produce dramatic enhancement of the allergen-specific Th2 response. Overall, our data show that superantigens potentially have a much broader influence than thought previously and are able to amplify T cell responses far beyond those just involving SEB-reactive TCR. When such amplification includes promoting an inflammatory Th2 environment to harmless allergens, this possibility may offer a survival advantage to S. aureus as discussed below. IFN-␥ is known to promote Th1 and to inhibit Th2 responses. However the current data show that through facilitating increased epithelial presentation of antigen to Th2 cells, IFN-␥ is ultimately also able to promote increased IL-4 production and to contribute to disease. Although AD is a complex disease and is likely to have heterogeneous mechanisms differing between patient groups, we believe that in many individuals such an interaction between S. aureus and allergen reactivity may play an important role in disease pathogenesis, particularly in the determination of disease progression and severity.
A wealth of evidence has highlighted the importance of S. aureus and allergens in atopic disease pathogenesis, but there are surprisingly few studies that have investigated potential interactions and synergy between these variables. The cutaneous presence of S. aureus correlates with active AD, and use of antibiotics during acute flares of disease is beneficial. Intravenous Ig, which contains anti-staphylococcal antibody, is beneficial in individuals with severe AD (29) . However, the use of antibiotics in combination with allergen avoidance (or immunotherapy) has not been assessed for prevention or treatment of chronic disease. Differ- ential handling of S. aureus may influence the likelihood of subsequent development of a disease-relevant allergen-specific immune response. Recent data suggest that cutaneous expression of antimicrobial peptides/proteins may influence disease, and indeed altered defensin expression in lesional AD skin has been documented (30, 31) . Furthermore, AD has been linked to a region of chromosome 1 that contains numerous genes thought to encode antimicrobial proteins (32) . At any point, the vast majority of skin-homing T cells are believed to be resident in the skin (33) and thus are likely to represent a diverse pool of cells with the potential TCR capacity to bind to SEB. Many different cutaneous stimuli may have the capacity to induce IFN-␥, and indeed localized exacerbation of AD with local traumatic events such as scratching is well documented. However, the additional potent induction of IL-4 by SEB would be consistent with a mechanism in which S. aureus further facilitates Th2 amplification and chronic disease. In addition, the selective stimulation of an IL-4 allergen-specific T cell response may have several survival advantages for S. aureus. IL-4 is known to promote reduction in cutaneous defensins (34) , increase expression of potential S. aureus adhesion molecules (35, 36) , reduce potentially damaging Th1 cytokine responses and phagocytic infiltration (37, 38) , reduce skin-homing receptor expression by pathogen-specific T cells, and reduce superantigen-induced lethality of reactive T cells (39) . By diverting cellular immunity to a Th2 response to ubiquitous environmental allergens, S. aureus promotes an inflammatory surface site conducive to survival and efficient contact spread to neighboring hosts without typically causing host lethality.
The hygiene hypothesis predicts that reduced infections in early childhood modify risk of atopic disease and remains controversial (40) . The current data suggest that certain infections can promote allergic inflammation and raise the possibility that the influence of infections or antibiotics may in some cases be complicated by other intermediate variables, such as staphylococcal carriage. It also offers potential explanations for differences in incidence between geographical regions, in migrants, and during childhood. Changes in colonizing bacteria or acquisition of immunity to such populations (21) might modify the risk of developing allergen-specific immunity. We believe that the proposed mechanism may generically apply to other hypersensitivities, particularly when S. aureus has been implicated (e.g., hay fever), but it is likely that in different settings, there will be other relevant adjuvants, such as respiratory syncytial virus infection in asthmatics. The mechanism would also fit with other models of infection-induced flares in autoimmune disease. Furthermore, because we now have the relevant scientific tools to study the CD4 ϩ T cell response in detail, it will also be important to investigate changes in the first months of life to define the earliest events in atopic disease development.
The study data have implications for the management of many individuals with AD. Combined allergen avoidance (or immunotherapy) with prolonged anti-staphylococcal treatment may offer therapeutic benefit. New treatments and/or vaccination with less likelihood for development of resistance are on the horizon and would be important for this undertaking (41) . Understanding the components of successful immunotherapy will be critically important as we move further toward more targeted therapeutics. Another interesting strategy may incorporate inhibition of superantigen-mediated proinf lammatory signaling such as SOCS3 inhibition of STAT1 phosphorylation (42) .
Overall, we have shown that staphylococcal-derived superantigen is a potent adjuvant for allergen-specific Th2 responses. In the setting of AD, this finding links two of the most common disease associations and may explain chronic disease exacerbation seen with recurrent staphylococcal infections. It also potentially provides a mechanism that draws together existing diverse genetic, immunological, and clinical data and has implications for the pathogenesis and management of atopic disease.
Materials and Methods
Subjects. Thirteen moderate to severely symptomatic AD patients were recruited through the department of dermatology, Churchill Hospital, Oxford, U.K., under ethical approval from the Oxfordshire Clinical Research Committee. All AD patients fulfilled the diagnostic criteria for AD as defined by the U.K. AD diagnostic criteria, which are specific and sensitive for AD (43, 44) . Ten nonatopic controls without AD were also recruited. The mean house dust mite IgE (d1, ImmunoCAP, assay range 0-6; Amersham Pharmacia, Piscataway, NJ) for each group was: AD, 4.25 (Ϯ1.76, SD); nonatopic, 0.0 (Ϯ0.0, SD). All individuals with disease had detectable house dust mite-specific IgE. Donors were tissue typed by PCR-SSP phototyping (45) .
T Cell Culture. PBMCs were separated from heparinized whole blood on Lymphoprep (Axis-Shield PoC, Oslo, Norway), washed, and resuspended in RPMI medium 1640 (Invitrogen, Carlsbad, CA) supplemented with 2 mM L-glutamine/50 units/ml penicillin/50 g/ml streptomycin/10% (vol/vol) human serum (R10H). Using the known sequence for Der p 1 (Swiss-Prot locus DERP1DERPT, accession no. P08176), overlapping peptides (by 10 aa) spanning the whole length of the mature protein were constructed in house or at a separate source (Sigma-Aldrich, St. Louis, MO). Peptides were added each at a final concentration of 4 M. The cells were incubated at 37°C with 5% CO 2 . At days 3 and 7, IL-2 was added to a final concentration of 100 units/ml. At day 10, the cells were removed from the plate, washed twice in sterile PBS, and returned overnight to unused wells in R10H. At day 11, the cells were then used in ELISpot analyses as below at 4 ϫ 10 4 per well.
ELISpot Analyses. ELISpot analyses were performed as described previously (46) . Ex vivo PBMCs were tested at 2 ϫ 10 5 per well; for T cell lines, input cell numbers were 4 ϫ 10 4 per well; and highly enriched tetramer sorted T cells were tested at 2-2.5 ϫ 10 3 per well. Peptide was added at a final concentration of 8 M. Recombinant Der p 1 (Indoor Biotechnologies, Charlottesville, VA) was added at a final concentration of 10 g/ml. SEB (confirmed endotoxin-free by mass spectrometry; Sigma) was added to a final concentration between 0.75 and 5 g/ml (as indicated). The plates were incubated overnight at 37°C and 5% CO 2 and were developed with streptavidin-alkaline phosphatase (Mabtech AB, Cincinnati, OH) and alkaline phosphatase conjugate substrate kit (Bio-Rad, Hercules, CA). As a control, all experiments included culture medium alone and or an irrelevant peptide. Peptide-specific reactivity was calculated by subtracting the counts from control wells, and the results were expressed as sfu per million lymphocytes plated. Positive responses were recorded as those responses greater than the mean of all the background samples plus 3 ϫ the SD of the population.
DRB1*1501 Keratinocyte Presentation to CD4 ؉ Cells (47).
HaCaT keratinocytes (gift from N. Fusenig, German Cancer Research Center, Heidelberg, Germany) were grown in DMEM/10% FCS at 37°C with 5% CO 2 . HLA DR expression was confirmed with a pan anti-HLA DR FITC-conjugated antibody source in flow cytometry. As a control, immortalized non-DRB1*1501-expressing keratinocytes (gift from E. O'Toole, Department of Dermatology, Royal Hospitals NHS Trust, London, U.K.) were used, and they were grown in the same manner. The recombinant protein (75 g/ml) and irrelevant and peptide 18 (both 40 M) were pulsed for 1 h. Before incubation with the T cell line, HaCaTs were washed three additional times to remove any excess protein or peptide.
IFN-␥ Depletion of Supernatant from SEB-Stimulated PBMCs. R10H was run through washed protein G-Sepharose 4 Fast Flow (Amersham Biosciences) beads in an Econo-Column (Bio-Rad) (R10col). The supernatant was then incubated for 60 min at room temperature with mouse IgG1 anti-cytokine Ab (anti-IFN-␥ at 30 g/ml; Mabtech AB). Both the anti-IFN-␥-treated supernatant and the control were passed through the protein G column, which binds mouse IgG1, thus depleting IFN-␥. Depletion was checked by ELISA.
Flow Cytometry. Four-color flow cytometric analysis was performed by using a FACScalibur (Becton Dickinson, San Jose, CA) with CellQuest software (Becton Dickinson). DRB1*150101 iTAg (Beckman Coulter, San Diego, CA) tetramer staining was carried out at 37°C, 5% CO 2 for 1 h before cell surface antibody staining. Directly conjugated Abs were added according to the manufacturers' instructions, and the samples were incubated for 20 min at 4°C. Samples were fixed in 2% formaldehyde.
Cytokine and Chemokine Analyses. T cells derived from a line grown against peptide 18 were incubated on a flat-bottomed 96-well plate. Input cell numbers were 4 ϫ 10 4 per well. Peptide 18 or irrelevant peptide was added at a final concentration of 8 M. SEB was added at a final concentration of 1 g/ml. The plates were incubated at 37°C and 5% CO 2 . After 16 h, the plates were centrifuged, and 50 l of supernatant from cell stimulation wells were analyzed with a Human Antibody Bead 25-plex kit for the Luminex system (Biosource International, Camarillo, CA), according to the manufacturer's instructions. Plate-bound anti-IL-4 antibody (Mabtech AB) was used to deplete IL-4 and confirmed with measurement of cytokine levels. Unstimulated (irrelevant) controls were used to correct for the effect on cytokine production by changes in cell number between IL-4 normal and IL-4 low experiments. A single correction factor was used for all cytokines so that the overall pattern of cytokine production remained unaltered.
Statistical Analysis. Statistical analyses were calculated by using Prism software (GraphPad, San Diego, CA). A two-tailed Mann-Whitney test was used to detect a statistical difference between strength of response in AD and nonatopics. A twotailed Fisher's exact test was used to test the number of individuals demonstrating a positive cytokine response in each group.
